1. Risk-taking behavior during the BART showed excellent test-retest reliability.
Introduction 1
The Balloon Analogue Risk Task (BART), a computerized and laboratory-based paradigm 2 originally developed by Lejuez et al. (2002) , is widely used for measuring individual risk-taking 3 behavior in various studies. During the BART, risk-taking propensity is defined as the average 4 adjusted pump (i.e. average number of balloon inflation pumps in the win trials), which is 5 directly linked to the probability of explosion for each balloon, and the outcome may influence 6 and modulate the individual's next decision (Lejuez et al., 2002; Xu et al., 2016; . As such, 7 the BART parallels real-world risky behaviors (Lauriola et al., 2014) . Given the advantage of 8 high ecological validity, numerous behavioral studies have used the BART to investigate 9 individuals' risk-taking performance and to examine associations between BART performance 10 and real-world behavior ( Lejuez et al., 2002 Lejuez et al., , 2003 Lejuez et al., , 2005 Lejuez et al., , 2007 MacPherson et al., 2010) . 12
In addition to behavioral studies, the use of BART in neuroimaging studies has increased 13 significantly over the past decade. For example, Rao et al. (2008) conducted the first BART 14 neuroimaging study in which they modified Lejuez et al. (2002) to be compatible with the 15 scanner environment and found that risk processing during the BART was associated with robust 16 activation in the mesolimbic-frontal reward system, including the thalamus/midbrain, ventral and 17 dorsal striatum, anterior insula, dorsal lateral prefrontal cortex (DLPFC), and anterior 18 cingulate/medial frontal cortex (ACC/MFC). Since then, the BART has been increasingly 19 employed in neuroimaging research to study the neural correlates of risk-taking and decision-20 making. Previous studies have successfully used this task to: (1) explore the relationship between BART to examine longitudinal changes in adolescent risk-taking and found a quadratic age 39 pattern for nucleus accumbens activity in response to rewards. However, future utility of the 40 BART in longitudinal and developmental research is predicated on the assumption of good test-41 retest reliability of the BART behavior and its associated brain responses. 42
Previous behavioral studies have consistently demonstrated good test-retest reliability of 43 BART performance. For example, Lejuez et al. (2003) examined the reliability of the BART 44 among 26 smokers and 34 nonsmokers with an age range of 18 to 30 years. By administering the 45 6 ranging from 0.62 to 0.82. White et al. (2008) assessed the reliability of BART performance in 47 39 adults with an age range of 18 to 35 years across three sessions and reported moderate to high 48 correlations (r = 0.66 to 0.78). Xu et al. (2013) compared the reliability of the BART to the delay 49 discounting task (DDT) and the Iowa gambling task (IGT), and reported similar correlation 50 coefficients (r = 0.66 to 0.76) for the BART across three sessions within 2-week intervals in 40 51 college students with an age range of 19 to 22 years, which was higher than the ICC of DDT (r = 52 0.35 to 0.65) and IGT (r = 0.53 to 0.67). In addition, Weafer et al. (2013) (Yarkoni, 67 reproducibility and reliability, which has increasingly become a key concern in the field (e.g., 70
Bennett Despite the widespread use of the BART paradigm for assessing risk-taking behavior and 85 brain function, the test-retest reliability of brain responses to the BART has not been evaluated. 86 Therefore, the current study aimed to address this knowledge gap by examining the test-retest 87 reliability of brain responses to risk-taking during the BART. The spatial consistency of brain 88 activation patterns was also assessed. Although not the primary focus of this study, we examined 89 the test-retest reliability of brain response to the processing of loss and win outcomes during the 90 the risk and outcome processing consistently show robust activation in the mesolimbic-frontal 93 pathway, including ACC/MFC, DLPFC, the thalamus/midbrain, ventral and dorsal striatum, and 94 insula , therefore, we expect the activation in crucial hubs of the mesolimbic-frontal pathway will 95
show good test-retest reliability. 96 97
Methods 98
Participants 99
Participants were recruited in response to study advertisements posted around the university 100 campus. Thirty-four healthy adults (18 females, mean age = 32.5 ± 8.7 yrs.) took part in the 101 study and completed the BART during fMRI on two separate occasions. The scan sessions 102 occurred at the same time of the day with an interval of one to three days. Participants were free 103 of major medical conditions and psychiatry disorders, as determined by interviews, clinical 104 history, questionnaires and physical examinations. Participants were non-smokers and were 105 required to provide a negative result on a urine drug test before the study. All participants had at 106 least a high school education. All study procedures adhered to the Declaration of Helsinki and 107 were approved by the University of Pennsylvania Institutional Review Board (IRB). Subjects 108 were provided written, informed, IRB-approved consent prior to participating in the study. 109
110
Balloon Analogue Risk Task 111
The BART paradigm modified by Rao et al. (2008) was applied in the current study ( Figure  112 1). During the task, participants were presented a virtual balloon and asked to press a button to 113 inflate the balloon that could either grow larger or explode. As the size of the balloon increased, the associated risk of explosion and the monetary reward increased as well. Subjects had the 115 option to continue or discontinue inflating the balloon by pressing two buttons. If subjects 116 stopped inflating the balloon, they would collect the wager for the current balloon, and the 117 amount of the reward was added to the cumulative earnings. However, if subjects continued to 118 inflate the balloon and the balloon exploded, subjects lost the wager of the current balloon and 119 the amount of the wager was subtracted from the cumulative earnings as the penalty. For each 120 balloon, the maximum number of inflations participants could make was 12, which was 121 unknown to the subjects. The wager size and the probability of explosion both monotonically 122 increased with the number of inflations for each balloon. Specifically, the probability of 123 explosion was set to monotonically increase from 0 to 89.6% and the wager increased from 0 to 124 5.15 dollars, from the smallest balloon to the largest balloon. The timing of inflation was 125 controlled by a cue, which consisted of a small circle that changed color from red to green with a 126 jittered time interval. Participants could press a button to continue or discontinue inflation only 127 when the color of the cue was green. The cue immediately turned red for a jittered time interval 128 between 1.5-2.5s after participants successfully pressed a button and inflated the balloon, and 129 then turned green again to indicate the next inflation. There was also a jittered 2-4 s interval after 130 the end of previous balloon and prior to the beginning of next balloon. The time point when each 131 balloon exploded was manipulated randomly, and participants were unaware of the exact 132 probability of explosion associated with a given inflation. The outcome for each trial was 133 immediately provided to participants once they collected the wager or the balloon exploded. 134
More detailed parameters of the BART can be found in Rao et al. (2008) . Analysis for test-retest reliability of brain activation 173
We first performed group-level analyses using one-sample t-tests. The t-statistics of the 174 three relevant contrasts (i.e. contrast of risk, contrast of win, and contrast of loss) for the two 175 scan sessions were calculated for every voxel. Statistical significance was set at a threshold of 176 uncorrected p < 0.001 at the whole-brain level and family-wise error (FWE) corrected p < 0.05 at 177 the cluster level for the brain activation associated with increased risk level. Because the number 178 of outcome trials was much less than the number of inflations, the statistical significance was set 179 at a threshold of uncorrected p < 0.001 at the whole-brain level for the brain activation in 180 response to win and loss outcomes. The intraclass correlation coefficient (ICC) analysis was then 181 used to measure the test-retest reliability of the individual activation strength of brain response during the BART in 34 subjects across the two fMRI scan sessions. ICC is defined by ratio of the 183 between-subject variance and the total variance (Shrout & Fleiss, 1979) , which informs on the 184 ability of fMRI to assess differences in brain activity between subjects (Caceres et al., 2009). 185
Typically, the coefficient ranges from zero (no reliability) to one (perfect reliability), and as such, 186
we used the ICC to assess the stability of inter-individual differences in brain activation 187 magnitude over time (Brandt et al., 2013; McGraw & Wong, 1996) . Note that ICCs can be 188 estimated as negative when the true value approaches zero (Murray et al., 1996) . ICC values are converted to a Fisher's Z map. The ICC maps can be examined for the whole 209 brain volume, the activated network, and the pre-defined clusters. In the current study, we used 210 the ICC toolbox to compute the test-retest reliability of the brain activation during the BART 211 across two sessions in the whole brain volume, the activated network, and pre-defined ROIs. A 212 priori ROIs in mesolimbic-frontal network were defined based on the BART activation results 213 reported by Rao et al. (2008) . Similar to a previous study (Van Den Bulk et al., 2013), bilateral 214 occipital cortices associated with visual stimuli processing were also included as the control 215 region. The MNI coordinates of selected ROIs are listed in Table 1 and displayed in 216
supplemental Figure S1 . According to the results of win outcome activation ( Figure 3A-3B ), the 217 anatomical bilateral putamen was selected as ROIs for win outcomes using WFU_Pickatlas 218 toolbox AAL template (http://fmri.wfubmc.edu/software/PickAtlas). In order to investigate the 219 potential effects of trial numbers and head motion artifacts on test-retest reliability, additional 220 analyses were conducted and the results were reported in supplementary material (see Table S4  221 and Table S5 ). 222
223
Analysis for spatial consistency: overlap volumes 224
For the brain activation associated with increased risk levels, the spatial overlaps based on 225
Dice similarity coefficient (DSC) (Dice, 1945; Sørensen, 1948) of the two sessions were 226 computed in 3D single subject space for all ROIs, as well as whole brain using the binarized 227 image volumes. For the DSC of ROIs, the applied threshold level ranged from FWE corrected p 228 between sessions, threshold levels were kept constant within the respective subjects across two 230 sessions. In addition, the DSCs of whole brain activation across two sessions were computed at 231 two different thresholds: FWE corrected p < 0.05 and uncorrected p < 0.001. The sample size 232 and applied threshold for each ROI are shown in Supplementary Table S3 . Due to the small 233 number of win and loss outcome trials and individual variability, the DSCs of activation 234 associated with win and loss outcomes were not computed. The DSC was calculated according to 235 Rombouts et al. (1997) 
Test-retest reliability of behavioral performances during the BART 242
Several indices were computed to represent the behavioral performance, including the 243 average adjusted pump, the number of win trials, the number of loss trials, the win ratio of all 244 trials, and the number of balloon inflations (i.e. number of trials for risk processing). As 245 illustrated in Table 2 , no significant difference between two sessions was found in participants' 246 behavioral performances (all p > 0.5). Excellent ICCs were observed for all performance indices 247 across the two sessions (ICC > 0.79). 248
249
Test-retest reliability of brain activation during the BART 250
Whole-brain activation during the BART 251
Whole-brain activation patterns across the two sessions are presented for all three events: 252 brain activation associated with the increased risk level (see Figure 2 & Table S1 ), brain 253 activation associated with win outcomes (see Figure 3A -3B & Table S2 ), and brain activation 254 associated with loss outcomes (see Figure 3C -3D & Table S2 ). 255
As shown in Figure 2 for both test sessions, we observed activation in bilateral putamen associated with win outcomes, 261 bilateral anterior insula associated with loss outcomes, and visual areas for both outcomes. No 262 significant differences in brain activation were found between the two scan sessions. 263
264
Test-retest reliability of brain activation 265
We computed the test-retest reliability of brain activation for three contrasts in the whole 266 brain volume, the activated network, and the pre-defined ROIs. Results of the brain activation 267 associated with the increased risk level are shown in Figure 4 . The ICC frequency distribution is 268 shown in Figure 4A . As expected, the activation test-retest reliability for the activated network 269 (ICC = 0.62) was higher than that for the whole brain volume (ICC = 0.53). Although ICCs and 270 t-scores are statistically independent, Figure 4B shows higher ICCs within regions showing 271 stronger activation. Additionally, we calculated the median ICC values in the whole brain 272 volume, the activated network, and the pre-defined ROIs, which are shown in Figure 4C .
Results of the brain activation in response to win outcomes and loss outcomes are shown 274 in Figure 5 and Figure 6 , respectively. For both win outcomes and loss outcomes, the activation 275 test-retest reliability of the activated network was higher than that of the whole brain volume 276 ( Figure 5A & Figure 6A ). The positive correlations between median ICC and t-scores were also 277 observed for win and loss outcomes ( Figure 5B & Figure 6B ), indicating higher ICCs within 278
regions showing stronger activation. In addition, the median ICC values for the whole brain 279 volume, the activated network, and ROIs are shown in Figure 5C and Figure 6C . According to 280 the brain activation patterns for outcomes ( Figure 3) , we selected the bilateral putamen as ROIs 281 for win outcomes and selected the bilateral insula as ROIs for loss outcomes. The detailed ROI-282 based ICCs for three contrasts are reported in Table 3 . Excellent (ICC ≥ 0.75). Based on this standard, our results demonstrated that the brain activation 287 associated with the increased risk level during the BART had a good test-retest reliability within 288 the activated network (ICC = 0.62) and a fair reliability in the whole brain volume (ICC = 0.53). 289
As shown in Table 3 , for a priori ROIs, the ICCs for the activation in response to risk levels 290 ranged from fair (R. insula, ICC med = 0.51) to good (RDLPFC, ICC med = 0.71). Specifically, 291 except for the right insula, the activation in all selected ROIs had good reliabilities (ICC > 0.60). 292
In contrast, the test-retest reliabilities of the brain activation in response to win and loss 293 outcomes were not as good as those of the activation associated with increased risk levels. The 294 median ICCs were poor in the whole brain volumes for both outcomes (ICCs < 0.40), while in 295 the activated network, the ICCs were fair for loss outcomes (ICCs = 0.42) but still poor for win outcomes (ICCs = 0.33). For the ROI-based ICCs, both outcomes had fair test-retest reliabilities 297 (ICCs > 0.40) (Table 3) . 298 299
Overlaps between ICC maps and group t-maps 300
In order to examine the relationships between the brain activation strength and the test-301 retest reliability, we first generated three ICC maps for each contrast using the ICC toolbox 302 values corresponding to p = 0.001 was applied to generate the activation group t-maps. ICC 306 values were thresholded at 0.5. Overall, the ICC maps and the group t-maps showed fairly good 307 overlap in the brain activation associated with risk levels (Figure 7 . Top), including the 308 ACC/MFC, thalamus, bilateral striatum, right DLPFC, and occipital cortex, which indicated high 309 ICC and high activation t-values. In contrast, the overlaps between ICC maps and the group t-310 maps for both win and loss outcomes were relatively poor. However, the high ICC regions in the 311 ICC maps were close to the high t-value regions in the group t-maps, as shown in the bilateral 312 putamen for the win outcomes and the bilateral insula for the loss outcomes. 313 314
Spatial consistency: overlap volumes 315
In order to investigate the spatial consistency of the activation in response to increased risk 316 level in the main regions and the whole brain volume across the two scan sessions, calculation of 317 Dice's similarity coefficient (DSC) was conducted at the individual level. As shown in Figure 8 , 318 most ROIs had a moderate spatial consistency level (0.40 < DSC < 0.59), and the bilateral insula had a moderate-high spatial consistency level (0.60 < DSC < 0.65). Additionally, the DSCs of 320 whole brain activation across the two scan sessions were computed at two different thresholds: 321 uncorrected p < 0.001 and FWE corrected p < 0.05. Results showed lower overlap volumes for a 322 more stringent threshold level (0.34 ± 0.28, FWE corrected p < 0.05) than for a more liberal 323 threshold level (0.50±0.25, uncorrected p < 0.001). 324 325 Discussion 326
Despite the importance of the reproducibility of fMRI results, the reliability of brain 327 activation during the widely used BART paradigm has not been thoroughly evaluated. To our 328 knowledge, the current study is the first to investigate the test-retest reliability of brain activity 329 during the BART. Specifically, we used the same scanner, applied the same image acquisition 330 sequence and parameters, and conducted two scan sessions at the same time-of-day for each 331 individual subject to minimize potential factors that may influencing the reliability. Using the 332 ICC toolbox (Caceres et al., 2009), the intraclass correlation coefficient analyses were performed 333 to assess the reliability of brain activation within the whole brain volume, the activated network, 334 and the pre-defined ROIs across the two fMRI BART scan sessions. Analyses revealed the 335 following main findings. First, similar to previous studies (White et al., 2008; Xu et al., 2013) , 336 we replicated the high ICC results for behavioral performances on the BART. Second, at the 337 group level, we observed robust and consistent brain activation patterns for both scan sessions, 338 including activation within the mesolimbic-frontal network, which was associated with increased 339 risk level, bilateral putamen activation, which was associated with win outcomes, and bilateral 340 insula activation, which was associated with loss outcomes. These findings are in line with the analysis and the Dice's similarity analysis, we found fair to good test-retest reliability and 343 moderate to moderate-high spatial consistency of the brain activation in the whole brain and all 344 pre-defined ROIs during risk processing. The test-retest reliability of brain activation in response 345 to outcome processing was fair in the main ROIs (i.e. bilateral putamen for win outcomes; 346 bilateral insula for loss outcomes), but was poor in the whole brain volume. 347
348
Test-retest reliability of whole brain and activated network 349
Using the within-subject ICC analysis on the individual level brain activation, we observed 350 a good reliability for the activated network during the risk processing phase (median ICC = 0.62). 351
Such reliability is lower than that of the BART behavioral performances (ICC range from 0.798 352 to 0.873, see Table 2 ). This is consistent with several previous test-retest fMRI studies using it is difficult to make direct comparisons between the ICC of fMRI results and the ICC of 368 behavioral performances. In fact, it was demonstrated that most task-induced BOLD activation 369
showed ICC values in a range of 0.33 to 0.66 (Bennett & Miller, 2010; Vul et al., 2009) . 370
The test-retest reliability of brain activation in response to risk levels was higher than that of 371 brain activation during the outcome and feedback process, in which the activated network 372 reliability was relatively low, regardless of win or loss outcomes (median ICCs < 0.45). This 373 difference might be due to the specific task design. The current BART version was modified to 374 be compatible with an 8 minute fMRI scan session and the average number of balloon trials 375 subjects completed during each scan were about 21 balloons (session 1: 21.09 ± 4.84; session 2: 376 20.56 ± 3.93, see Table 2 ). The trial numbers for win and loss outcomes were even less, 377 especially for loss trials which were only about 5 balloons (session 1: 5.09 ± 2.76; session 2: 5.00 378 ± 2.90, see Table 2 ). Previous studies have suggested that about 25 trials are needed to yield 379 stable activation maps and provide sufficient SNR for the imaging results (Huettel & McCarthy, 380 2001; Murphy & Garavan, 2005) . Therefore, the small number of outcome feedback trials might 381 be one reason for its lower reliability observed in this study. 382
383
Test-retest reliability of ROI-based activation 384
Overall, the ROI-based ICCs of the activation associated with the increased risk level were 385 fair to good, which is consistent with our expectation. Specifically, the ACC/MFC, right DLPFC, 386 the thalamus, and the occipital cortex had better reliability than other regions, indicating that 387 these regions can serve as stable biomarkers across fMRI scan sessions on the individual subject 388 level. It is worth mentioning that we found fair to good reliability of the brain activation bilateral insula. Measured fMRI activity generally has higher resolution on the surface of 391 cerebral cortex than in subcortical regions. Subcortical fMRI must overcome two challenges: 392 spatial resolution and physiological noise (Katyal et al., 2012; Maugeri et al., 2018) . Therefore, 393 the SNR in subcortical regions is usually worse than that in cortical areas, which might be one of 394 the reasons that the test-retest reliability of the activation in the bilateral striatum and the bilateral 395 insula was lower than that in the cortical regions. Thus, the fair to good reliability of the 396 activation for the subcortical regions can be regarded as acceptable and may indicate that the 397 mesolimbic pathway had relatively stable activation during the BART over time. 398
For the outcome phases, the ICC values of the activation in key regions were also fair, 399
including the bilateral putamen activation associated with win outcomes and the bilateral insula 400 activation associated with loss outcomes. As the control region, the occipital cortex showed good 401 reliability in the risk condition, but only fair reliability in the outcome conditions. This could be 402 related to the differences in number of trials and/or visual stimuli during risk and outcome 403 conditions. Given the limited number of trials for the loss/win outcomes as compared to the large 404 number of inflation trials for risk processing, the reduced reliability for the occipital activation in 405 the outcome conditions are not surprising. learning task and found lower ICC in the ventral striatum, suggesting a learning effect in brain 422 activation with a short interval, while long intervals may reset potential habituation effects 423 (Plichta et al., 2012) . Moreover, the current study's the sample size (n = 34) is larger than the 424 previous studies (n in the range of 8 to 25), which may affect the statistical power and influence 425 the reliability. Studies have shown that reliability varies substantially with different statistical 426 thresholds (Stevens et al., 2013) . In addition, the test-retest reliability of brain responses to the 427 BART is lower than the reliability of BART performance (ICC ranged from 0.798 to 0.896). 428
These findings are in line with several studies suggesting that fMRI activation may be less stable 
Spatial consistency 433
Using the Dice's similarity analysis, we explored the spatial consistency of the brain 434 activation associated with increased risk levels. Our ROI-based data revealed moderate to however, we observed relatively lower Dice's similarity in the ACC/MFC (0.46 ± 0.13) but 437 higher Dice's similarity in bilateral insula (0.61 ± 0.10), which is in contrast with the ICC results 438 pattern. One possible explanation for this finding is that the applied threshold and cluster size 439 cut-off used might have influenced the results (Kauppi et al., 2017; Nettekoven et al., 2018) . In 440 addition, during the DSC analyses, we defined "activated" regions as ROIs at the single subject 441 level by applying consistent threshold for each subject across both scans. However, there were 442 remarkable inter-individual differences in activation intensity and we could not yield activation 443 in some ROIs or for some subjects. Therefore, the number of subjects included in the DSC 444 analysis was different for each ROI. All of these factors could affect the spatial consistency 445 calculation. Additionally, we observed a moderate spatial consistency in the whole brain volume 446 when using the same threshold of the group-level analyses (i.e. uncorrected p < 0.001), but the 447 consistency was smaller when a more stringent threshold level was applied (i.e. Another consideration in the interpretation of our results is the duration of the BART scan 468 was relatively short (8 min) and the numbers of both win and loss outcome trials were limited 469 (both < 25). Consequently, our modified BART paradigm might be suboptimal for assessing the 470 reliability of brain activation during outcome processing. Therefore, if a future study aims to 471 examine brain activation in response to outcome processing, multiple BART sessions should be 472 employed to obtain sufficient number of trials and more robust results. Future research may also 473 compare fMRI data with different number of trials to determine the minimum trial number 474 required to obtain stable and acceptable reliability for different conditions. 475
It is important to note that the two BART fMRI sessions in this study were conducted 476 within a short interval of one to three days. As we mentioned before, the short interval might 477 lead to practice effects from the first test session, which would influence the reliability. Future 478 research should investigate the BART fMRI reliability over a longer interval and determine the 479 relationship between different time intervals and the BART test-retest reliability. Finally, we did 480 not collect the participants' IQ, socioeconomic status (SES), personal risk propensity, or other 481 risk-taking related assessment in this study, which might also be related to the test-retest 482 reliability. In future studies, these related factors should be taken into account. 483 484
Conclusions 485
In summary, we evaluated the test-retest reliability of brain activation patterns during 486 repeated fMRI scans of the widely used BART paradigm in a cohort of 34 healthy adults in the 487 present study. Our analyses showed that test-retest reliability of brain activation in response to 488 the BART risk-taking is good and acceptable in the mesolimbic-frontal network, while the 489 reliability of brain activation in response to the loss or win outcomes is fair. These results have 490 implications for future utility of the BART in neuroimaging research. For instance, our findings 491 suggest that the BART in fMRI can be used to identify individual differences in trait-like risk-492 taking behavior and brain responses among healthy subjects as well as examine abnormal risk-493 taking behavior and altered brain activation in clinical populations. across two test sessions. Statistical inferences were performed at a threshold of 807 uncorrected p < 0.001 at the whole-brain level. 808
Figure 7. Overlaps between ICC maps and group t-maps. Top: Brain activation associated 832
with increased risk levels. Middle: Brain activation in response to win outcomes. Bottom: Brain 833 activation in response to loss outcomes. Left-Red: Group t-maps (t > 3.36 for risk; t > 3.36 for 834 win; t > 3.36 for loss. Thresholding of t-values corresponding to p = 0.001). Middle-Green: ICC 835 (3,1) maps (ICC > 0.5). Right-Yellow: Overlapping regions between group t-maps and ICC maps. 
